In the mitochondrial genome of the flowering plant Arabidopsis thaliana the atp6 open reading frame is located on the border of one of the repeats resulting in two copies with different presequence extensions. The two presequences of 135 and 97 amino acids respectively show no similarity to each other, while the mature protein sequences are identical. Both preproteins are most likely synthesized in Arabidopsis mitochondria from promoter elements upstream of each copy. The presence of two arrangements in the mitochondrial genome of fertile Arabidopsis plants suggests this recombination to be unrelated to a cytoplasmic male sterile phenotype. This recombination precisely at the mature protein terminus is reminiscent of the domain shuffling model in protein evolution.
Introduction
Subunit 6 of the F1-F0 ATPase complex in mitochondria (ATP6) is in most eukaryotes encoded in the mitochondrial genome, but is nevertheless usually synthesized with a presequence which is cleaved off during protein maturation. While the mature part of the protein is highly conserved among plants, fungi and animals, the respective presequences show little similarity even between closely related plant species. 1 ' 2 The precise function of this presequence is at present still unclear, but it could be required for targeting the subunit to the mitochondrial inner membrane or it may be necessary at a later stage for assembly of the different subunits into the protein complex.
Another example of a usually mitochondrially encoded protein with a presequence is subunit 2 of complex IV (COX2), from which the presequence is likewise cleaved off during maturation of the preprotein. In this instance the presequence appears to be involved in the transport of the preprotein to the outside of the inner mitochondrial membrane. 3 In analogy the ATP6 presequence may serve a similar transport function. The function of the ATP6 protein presequence, be it targeting, membrane insertion or assembly, appears to be supported by many different In virtually all plant mitochondrial genomes sequence regions of several kilobases are found duplicated, the two copies usually being involved in homologous recombination events. 4 ' 5 These duplications occur apparently irrespective of coding regions and often duplicate genes or parts of them. In several plant species such as rice, sorghum and some Brassicaceae, the comparatively small atp6 gene is closely connected to or even resides in such repeated sequences. In the Arabidopsis mitochondrial genome the atp6 gene is located at the border of a repeated sequence region, the recombination occurring precisely at the protein processing site.
Materials and Methods
The nucleotide sequences of the atp6 genomic arrangements in Arabidopsis thaliana var. Columbia were determined as part of the Arabidopsis mitochondrial genome project by non-radioactive fluorescent technology on ordered cosmids 5 and their subclones as to be detailed elsewhere (M.U., J.M., P.B.; A.B., in preparation). Active recombination across the repeated sequences was identified in the physical map of the mitochondrial DNA. 5 Nucleic acid technology followed standard protocols. 21 160
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Results and Discussion

Two different presequences for the ATP6 protein
In the Arabidopsis mitochondrial genome the atp6 gene is located at the border of one of the two recombinationally active repeats (Fig. 1) . The recombination occurs precisely at the border of the mature protein sequence and results in two genes with identical A TP6 mature proteins, but with completely different presequences. One of the two N-terminal extensions shows significant similarity to the presequences in other plant species, including also the monocot maize (At-1; Fig. 2 ), suggesting that this arrangement represents an ancestral gene organisation. The second presequence in At-2 shows no similarity to any other atp6 presequence in the plants analysed to date (data not shown). In At-2 the first in frame ATGmethionine codon is found 96 amino acids upstream of the mature protein terminus SPL, the closest ATG is located only 7 codons before the processing site. In one of the two atp6 genes in Brassica napus the only in frame ATG is found 8 triplets upstream of the processing site suggesting that such a short presequence could be sufficient for a functional ATP6 precursor protein. 
RNA editing and transcription
In the Arabidopsis atp6 open reading frame one RNA editing site is predicted to alter codon 26 from specifying the amino acid proline to code for either leucine or serine as in other plants (Fig. 3) . This editing event is also the only change observed in Brassica napus atp6 transcripts, 7 while in some radish lines no RNA editing has been observed in atp6 transcripts. 8 The atp6 transcripts in Brassicaceae thus represent the least edited conserved mRNAs in plant mitochondria observed to date.
The significance of the highly conserved atp6 core protein is further highlighted by the precise carboxy terminus introduced in many plant species by RNA editing and predicted in others such as the last four species of Fig. 3 . Thus protein processing at the amino terminus and RNA editing at the carboxy terminus are enlisted in plant mitochondria to ensure that this protein is made correctly.
In Arabidopsis mitochondria both the At-1 and At-2 genes appear to be transcribed, the predicted 5'-termini of the respective mRNAs coinciding with conserved nonanucleotide motifs (data not shown). The mRNAs can be tentatively assigned to each locus when assuming homologous 3'-termini in the identical downstream nucleotide sequences and when matching RNA lengths estimated in Northern experiments with the location of the conserved nonanucleotides implicated in transcription initiation in dicot plants.
Recombination involving atp6 genes in other plants
Genomic recombination involving the atp6 gene is also observed in a number of other plant species (Fig. IB) , suggesting the atp6 gene contains sequences preferentially recognized by the as yet unknown homologous recombination activities in plant mitochondria. Alternatively the relatively small size of the reading frame coding the mature protein and the deduced relaxed constraints on the presequence identity allow the atp6 genes to tolerate its involvement in recombination events, which would more often than not disrupt and inactivate larger genes.
In some Brassicaceae other than Arabidopsis likewise two atp6 gene arrangements have been observed. Between fertile and sterile radish (Raphanus sativus), recombination has occurred as in Arabidopsis at the border between presequence and mature protein and likewise results in presequences largely unrelated to each other. Recombination in Raphanus is however no more active in this genome, but one arrangement is dominant in the male sterile Ogura cytoplasm, while the other is the major gene in the fertile cytoplasm. 8 In some lines of sorghum two atp6 genes have been identified in mitochondrial genomes, while in other cytoplasms of this species only one or the other of the two genes is present. Like in Arabidopsis one of the two presequences is similar to those in other plant species with only one atp6 gene, whereas the other is of unknown origin. The divergence between the two genes is as in Arabidopsis at the mature protein terminus, but the coding [Vol. 3, sequence in sorghum is not involved in an active homologous recombination. 2 In sunflower, Helianthus annuus, recombination occurs close to the transition from presequence to mature protein, at or within the last codon of the presequence. 9 Duplication of the atp6 gene in soybean alters the upstream 5'nucleotide sequences, but maintains identical pre-and mature protein sequences. 10 In rapeseed, Brassica napus, mitochondrial recombinations in the transition from fertile to a male sterile cytoplasms have altered also parts of the respective upstream sequences, but have left conserved the entire protein structure. 7 In rice, particularly sequences downstream of the atp6 gene are affected by sequence rearrangements again between different sterile and fertile cytoplasms, while the atp6 coding region itself is not affected. 
3.4-Functional conclusions
The recombination site in Arabidopsis precisely at the protein processing site suggests that upstream amino acid identities have little if any influence on the processing event itself, but suggest that rather the conserved mature protein terminus SPL-• • may be sufficient to trigger the specific protease. Comparison of the different presequences now available in different plant species (Fig. 2 and data not shown) does not reveal any crucial parameter that might specify the function of this presequence in e.g. targeting the protein to a specific mitochondrial location such as a certain orientation in or at the inner membrane.
The recombination event at the mature protein terminus in Arabidopsis is suggestive of the model of evolution by modules, 13 in which certain unrelated protein domains are linked by genomic recombinations (often via introns) in different permutations and combinations to create novel gene functions much faster than by completely de novo mutational creation of functional genes from scratch.
The presence of two distinct atp6 genes in male fertile Arabidopsis with different presequences suggests that this gene and its various guises of upstream and downstream sequence organisation in different cytoplasms should not be crucially involved in the cytoplasmic male sterile phenotype. 7 ' 8 ' 11 ' 12 ' 14 Rather, these atp6 recombinations are most likely byproducts of genomic recombinations, which occur as frequently between fertile and sterile genomes as they are found within fertile mitochondrial DNAs.
